1. Introduction
===============

Aberrant DNA methylation is an epigenetic event that can play a key role in the etiology of cancer \[[@B1-pharmaceuticals-05-00875]\]. Many genes that suppress leukemogenesis are silenced by DNA methylation for both acute lymphoid leukemia (ALL) and acute myeloid leukemia (AML) \[[@B2-pharmaceuticals-05-00875],[@B3-pharmaceuticals-05-00875]\]. Since epigenetic modifications are reversible, they are interesting targets for chemotherapeutic intervention. Preclinical studies have shown that both 5-aza-2′-deoxycytidine (5-AZA-CdR, decitabine, Dacogen®) and 5-azacytidine (5-AC, Vidaza®) are potent antileukemic agents \[[@B4-pharmaceuticals-05-00875],[@B5-pharmaceuticals-05-00875]\]. Clinical trials on patients with hematological malignancies have lead to the approval of 5-AZA-CdR and 5-AC for the therapy of myelodysplastic syndrome (MDS) \[[@B6-pharmaceuticals-05-00875],[@B7-pharmaceuticals-05-00875],[@B8-pharmaceuticals-05-00875],[@B9-pharmaceuticals-05-00875]\]. Both these nucleoside analogues show efficacy against AML \[[@B10-pharmaceuticals-05-00875],[@B11-pharmaceuticals-05-00875],[@B12-pharmaceuticals-05-00875],[@B13-pharmaceuticals-05-00875]\], but have not been yet approved for its treatment. Currently, there are several clinical trials on 5-AZA-CdR and 5-AC in combination with histone deacetylase inhibitors in patients with cancer \[[@B14-pharmaceuticals-05-00875],[@B15-pharmaceuticals-05-00875],[@B16-pharmaceuticals-05-00875]\]. Many clinical investigators that use 5-AZA-CdR or 5-AC consider these agents prototypes inhibitors of DNA methylation. However, careful analysis of the preclinical studies of these analogues indicates that there are important differences in their molecular actions. This review will discuss these differences and their relevance to clinical therapy in patients with leukemia.

2. Metabolism
=============

The metabolism of 5-AZA-CdR and 5-AC is summarized in [Figure 1](#pharmaceuticals-05-00875-f001){ref-type="fig"}. 5-AZA-CdR and 5-AC are prodrugs that are activated by phosphorylation by deoxycytidine kinase and uridine/cytidine kinase, respectively. Leukemic cells lacking deoxycytidine kinase are drug resistant to 5-AZA-CdR \[[@B17-pharmaceuticals-05-00875]\]. CR deaminase inactivates both 5-AZA-CdR and 5-AC by deamination. After conversion to its triphosphate, 5-AZA-dCTP is rapidly incorporated into DNA. About 80--90% of 5-AC after conversion to it triphosphate, 5-AZA-CTP is incorporated into RNA; after its conversion to deoxyribose form by ribonucleotide reductase about 10--20% of 5-AC is incorporated into DNA \[[@B18-pharmaceuticals-05-00875],[@B19-pharmaceuticals-05-00875]\].

3. Pharmacological Action
=========================

The incorporation of 5-AZA-CdR and 5-AC into DNA is responsible for their inhibition of DNA methylation. The demethylation of DNA by these analogues leads to the reactivation of tumor suppressor genes that were silenced by aberrant DNA methylation \[[@B1-pharmaceuticals-05-00875]\]. 5-AZA-CdR is a more potent inhibitor of DNA methylation and proliferation of leukemic cells than 5-AC \[[@B18-pharmaceuticals-05-00875],[@B20-pharmaceuticals-05-00875],[@B21-pharmaceuticals-05-00875],[@B22-pharmaceuticals-05-00875]\].

Preclinical studies indicate that the incorporation of 5-AC into RNA also contributes to its antineoplastic activity. It was reported that the incorporation of 5-AC into RNA reduced the activity of tRNA in protein synthesis \[[@B23-pharmaceuticals-05-00875]\]. The presence of 5-AC in RNA interferes with its biological function \[[@B24-pharmaceuticals-05-00875]\]. Several groups have reported that 5-AC inhibits protein synthesis \[[@B18-pharmaceuticals-05-00875],[@B25-pharmaceuticals-05-00875]\]. Recently, 5-AC, but not 5-AZA-CdR, was shown to inhibit cytosine methylation in tRNA^asp^ \[[@B26-pharmaceuticals-05-00875]\], which can also modify its function. The effect of 5-AC on RNA function and protein synthesis was most likely responsible for the liver and kidney toxicity observed in clinical studies \[[@B27-pharmaceuticals-05-00875],[@B28-pharmaceuticals-05-00875]\]. These reports suggest that the antineoplastic action of 5-AC is due to both its incorporation into RNA and DNA. This is probably the major reason for the differences between 5-AZA-CdR and 5-AC with respect to changes in global gene expression, as shown by microarray analysis \[[@B18-pharmaceuticals-05-00875],[@B20-pharmaceuticals-05-00875]\].

![Metabolism of 5-aza-2′-deoxycytidine (5-AZA-CdR) and 5-azacytidine (5-AZA-CR). Both these nucleoside analogues are pro-drugs that have to be activated by phosphorylation. Deoxycytidine kinase activates 5-AZA-CdR, which is converted to its triphosphate form by kinases and incorporated into DNA. Cytidine (CR) deaminase inactivates both 5-AZA-CdR and 5-AZA-CR. dCMP deaminase inactivates 5-AZA-CdR monophosphate (5-AZA-dCMP). 5-AZA-CR is activated by uridine/cytidine (UR/CR) kinase, phosphorylated to its triphosphate and incorporated into RNA. Ribonucleotide reductase converts 10--20% of the diphosphate form of 5-AZA-CR (5-AZA-CDP)) to its deoxyribose form (5-AZA-dCDP), which is phosphorylated to 5-AZA-dCTP and incorporated into DNA.](pharmaceuticals-05-00875-g001){#pharmaceuticals-05-00875-f001}

4. Relationship between Mode of Action and Antileukemic Activity
================================================================

The key question is which of these nucleoside analogues, 5-AZA-CdR or 5-AC, has the greatest chemotherapeutic potential in the treatment of leukemia. In this regard, it should be noted that due to its effect on RNA function and protein synthesis, 5-AC has the potential to interfere with cell cycle transit, since the progression of cells from G~1~ to S phase is dependent on these molecular events \[[@B29-pharmaceuticals-05-00875]\]. 5-AC has also been shown to inhibit the progression of cells from G~1~ into S phase \[[@B30-pharmaceuticals-05-00875]\]. The inhibition of the progression of some leukemic cells into S phase by 5-AC has the potential to limits its antineoplastic action, because if some cells in G~1~ phase are blocked from entering S phase, 5-AC cannot inhibit DNA methylation in these cells. This latter event can permit some cells to escape from part of its therapeutic activity. In this regard, 5-AZA-CdR does not inhibit the progression of G~1~ phase cells into S phase \[[@B31-pharmaceuticals-05-00875],[@B32-pharmaceuticals-05-00875]\].

Preclinical studies on the relative antileukemic activity of 5-AZA-CdR and 5-AC provide some insight of the importance of the action of 5-AC on cell cycle progression. In a clonogenic assay 5-AZA-CdR was about 10-fold more potent than 5-AC on L1210 leukemic cells \[[@B22-pharmaceuticals-05-00875]\]. In addition, 5-AZA-CdR produced a much greater inhibition of DNA methylation than 5-AC on these leukemic cells. The mouse model of L1210 leukemia was used to compare the *in vivo* antineoplastic action of these two analogues. A summary of these data is shown in [Table 1](#pharmaceuticals-05-00875-t001){ref-type="table"} \[[@B22-pharmaceuticals-05-00875]\].

pharmaceuticals-05-00875-t001_Table 1

###### 

Comparison of antineoplastic activity of 5AZA-CdR and 5AC in mouse model of L1210 leukemia.

  Drug        Dose \*      Survival time \*\*   Increase in survival   Cures
  ----------- ------------ -------------------- ---------------------- ------------
  5-AC        24.1 mg/kg   13.3 ± 1.1 days      115%                   0%
  5-AZA-CdR   20.6 mg/kg   48.0 ± 2.5 days      674%                   60% \*\*\*

\* 15 h i.v. infusion; \*\* Mice received i.v. injection 10^5^ L1210 leukemic cells, control mice survived 6.1 ± 0.5 days; \*\*\* Mice survival ≥60 days \[[@B22-pharmaceuticals-05-00875]\].

The mice were injected i.v. with 10^5^ L1210 leukemic cells and 24 h later administered a 15 h i.v. infusion of 5-AZA-CdR (20.6 mg/kg) or 5-AC (24.1 mg/kg), which increased the life span of the leukemic mice by 674% and 115%, respectively. Remarkably, 5-AZA-CdR cured 60% of the mice, whereas no cures were observed with 5-AC. A cure was defined as mice that survived ≥60 days after i.v. injection of leukemic cells. In this mouse model the L1210 cells are a prototype of leukemic stem cells since one cell will produce death from leukemia in 14 days \[[@B4-pharmaceuticals-05-00875]\]. Since the L1210 leukemic cells have a doubling time of about 12 h, all of the cells should have entered the S phase during the 15 h infusion. One explanation for the marked differences in chemotherapeutic activity between these analogues is that the action of 5-AC on RNA and protein function blocks the cell cycle progression of some leukemic cells into S phase, limiting its curative action. It should be noted that in this mouse model of L1210 leukemia the antineoplastic action of 5-AZA-CdR correlates with its inhibition of DNA methylation \[[@B33-pharmaceuticals-05-00875]\], whereas 5-AC is a very weak inhibitor of DNA methylation \[[@B18-pharmaceuticals-05-00875],[@B22-pharmaceuticals-05-00875]\].

5. Conclusions
==============

In summary, the incorporation of 5-AC into RNA is responsible for part of its cytotoxic action on cells; it may also limit its own therapeutic activity. Preclinical data indicate that 5-AZA-CdR is a more effective antileukemic agent than 5-AC. The modes of action of these analogues are not identical \[[@B34-pharmaceuticals-05-00875]\]. Whether this difference in antineoplastic activity between these two cytosine nucleoside analogues will also be observed in the clinical treatment of hematological malignancies can only be determined by randomized clinical trials using the optimal dose schedule for each agent. It is interesting to note that some patients with MDS that show clinical resistance to 5-AC can respond to 5-AZA-CdR therapy \[[@B35-pharmaceuticals-05-00875]\]. Can 5-AC play an important role in the therapy of hematological malignancies using 5-AZA-CdR? Leukemic cells from patients that are deficient in deoxycytidine kinase are resistant to 5-AZA-CdR \[[@B17-pharmaceuticals-05-00875],[@B36-pharmaceuticals-05-00875]\]. Since 5-AC is activated by uridine/cytidine kinase, it should be effective against deoxycytidine kinase-deficient cells. The potential of 5-AC to overcome drug resistance to 5-AZA-CdR can be investigated in a preclinical study using a leukemic cell line deficient in deoxycytidine kinase. The potential of 5-AC to overcome drug resistance to 5-AZA-CdR can be investigated by using a leukemia cell line deficient in deoxycytidine kinase. It is also possible that some leukemic cells may be resistant to the demethylation action of 5-AZA-CdR. The inhibitory action of 5-AC on RNA function and its action on the expression of a different cohort of genes have the potential to eradiate these 5-AZA-CdR-resistant cells \[[@B37-pharmaceuticals-05-00875]\]. This approach can be also investigated in clinical trials. One of the major problems in the chemotherapy of hematological malignancies is the maintenance of complete remission. Patients with MDS or AML induced into complete remission with low dose 5-AZA-CdR are usually continue on low-dose therapy to maintain the remission. However, drug resistance can develop during repetitive low-dose treatments. One approach to overcome this problem is to alternate the maintenance therapy. For example, for every two to three cycles of 5-AZA-CdR, one can administer a single cycle of 5-AC. This approach merits investigation for the treatment of hematological malignancies.
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